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Genome stability requires that genomic DNA is repli-
cated only once per cell cycle. The replication-licens-
ing systemensures that the formation of prereplicative
complexes is temporally separated from the initiation
of DNA replication [1–4]. The replication-licensing fac-
tors Cdc6 and Cdt1 are required for the assembly of
prereplicative complexes during G1 phase. During S
phase, metazoan Cdt1 is targeted for degradation by
the CUL4 ubiquitin ligase [5–8], and vertebrate Cdc6
is translocated from the nucleus to the cytoplasm
[9, 10]. However, because residual vertebrate Cdc6
remains in the nucleus throughout S phase [10–13],
it has been unclear whether Cdc6 translocation to the
cytoplasm prevents rereplication [1, 2, 14]. The inacti-
vation ofC. elegansCUL-4 is associated with dramatic
levels of DNA rereplication [5]. Here, we show that
C. elegans CDC-6 is exported from the nucleus during
S phase in response to the phosphorylation of multi-
ple CDK sites. CUL-4 promotes the phosphorylation
and subsequent translocation of CDC-6 via negative
regulation of the CDK-inhibitor CKI-1. Rereplication
can be induced by coexpression of nonexportable
CDC-6 with nondegradable CDT-1, indicating that
redundant regulation of CDC-6 and CDT-1 prevents re-
replication. This demonstrates that CDC-6 transloca-
tion is critical for preventing rereplication and that
CUL-4 independently controls both replication-licens-
ing factors.
Results
CDC-6 Is Exported from the Nucleus during S Phase
TheC. elegans ortholog of the DNA-replication-licensing
factor Cdc6 is essential for DNA replication. C. elegans
cdc-6(RNAi) embryos arrest withw100 cells and contain
only trace amounts of DNA, indicating a total failure of
DNA replication (Figure S1 in the Supplemental Data
available online).
We followed CDC-6 dynamics during the first cell divi-
sion of the V1–V6 hypodermal seam cells by using immu-
nofluorescence with CDC-6 antibody. We determined
the timing of S phase entry by following GFP expressed
from the ribonucleotide reductase promoter (Prnr-1)
[15]. Seam cells varied in the timing of S phase entry:
105–120 min after hatch for V5, 120–135 min for V2–V4,
135–150 min for V6, and 180–195 min for V1 (data not
shown).
*Correspondence: ekipreos@cb.uga.eduAt 10–20 min after hatch, nuclear expression of CDC-6
was first observed in the seam cells, and by 100–115 min
after hatch, nuclear levels were high (Figure 1A; data not
shown). As cells entered S phase, nuclear levels of CDC-
6 dropped gradually with a concomitant increase in cy-
toplasmic CDC-6. Beyond 180 min after hatch, endoge-
nous CDC-6 remained at high levels in the cytoplasm,
although residual nuclear CDC-6 was still present
(Figure 1A).
We also followed CDC-6::GFP that was expressed in
seam cells under the control of the wrt-2 promoter [16].
In contrast to the partial translocation of endogenous
CDC-6, transgenic CDC-6::GFP appeared to localize
completely to the cytoplasm during S phase (Figure 1B,
Figure S2D). CDC-6::GFP was present throughout the
cell cycle and localized to condensed chromosomes
during mitosis (Figures S2A and S2B).
To determine the time course of CDC-6 nuclear export
during S phase, we investigated CDC-6::GFP or CDC-
6::tdTomato localization at set time points (Fig-
ure S2C). At 120–135 min after hatch, CDC-6::GFP
remained nuclear in most of the seam cells except V5.
Cytoplasmic localization was first detected at 150–165
min after hatch for V2–V4, at 165–180 min for V6, and
at 195–210 min for V1. The timing of CDC-6 translocation
for the seam cells correlated with the timing of S phase
entry.
To determine whether the exclusive cytoplasmic local-
ization of CDC-6::GFP during S phase resulted from the
degradation ofnuclear CDC-6::GFP, wecreated aconsti-
tutively nuclear-localized CDC-6::GFP by adding two
SV40 large T antigen nuclear-localization signals (NLSs)
to the C terminus and inactivating the predicted nuclear-
export signal (NES) through L434A and L436A amino acid
subsitutions [17, 18]. This CDC-6mNES+2NLS protein
had stable nuclear-protein levels throughout the cell cy-
cle, indicating that CDC-6 does not undergo appreciable
degradation in the nucleus during S phase (Figure S3;
data not shown).
CUL-4 Is Required for CDC-6 Phosphorylation
and Nuclear Export in S Phase
In cul-4(RNAi) larvae, blast cells arrest in S phase and un-
dergo extensive rereplication, and this is associated with
a failure to degrade CDT-1 [5]. We sought to address
whether CUL-4 also regulates the licensing factor CDC-
6 during S phase. Endogenous CDC-6 localization in
cul-4(RNAi) larvae was observed by immunofluores-
cence. Prior to S phase, nuclear-localized CDC-6 accu-
mulated incul-4(RNAi) seam cells with a time course sim-
ilar to that of the wild-type (Figure 1A; data not shown).
However, during S phase, CDC-6 in cul-4(RNAi) seam
cells remained nuclear with no appreciable increase in
cytoplasmic staining (Figure 1A). CUL-4 was similarly
required for the nuclear export of exogenous CDC-
6::GFP during S phase (Figure 1B). These results indicate
that CDC-6 nuclear export requires the CUL-4 ubiquitin
ligase.
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967Figure 1. CDC-6 Is Exported from the Nu-
cleus during S Phase in a CUL-4-Dependent
Manner
(A) Endogenous CDC-6 is exported to the
cytoplasm during S phase in wild-type larvae
but not in cul-4(RNAi) larvae. Wild-type and
cul-4(RNAi) larvae were observed at 100–
115 min after hatch (G1 phase, upper panels)
and at 180–195 min after hatch (S phase,
lower panels). Animals were stained with
anti-CDC-6 (green), DAPI (blue), and anti-
AJM-1 (red overlay, staining adhesion junc-
tions to indicate seam-cell boundaries [35]).
(B) CDC-6::GFP translocates from the nu-
cleus to the cytoplasm during S phase in
wild-type larvae (top), but remains nuclear
in cul-4(RNAi) larvae (bottom). CDC-6::GFP
that was expressed from the wrt-2 promoter
was observed at 90–105 min after hatch (G1
phase, upper left panels) and at 195–210
min after hatch (S or G2 phase, lower left
panels). Prnr-1::tdTomato was used as an S
phase marker (right panels).
Scale bars represent 10 mm.In humans, Cdc6 nuclear export is triggered by the
phosphorylation of three CDK phosphorylation sites that
are located near two N-terminal NLSs [9, 10] (Figure 2A).
C. elegans CDC-6 has nine sites similar to the CDK
phosphorylation consensus, of which six are located
near three N-terminal NLSs (Figure 2A).
To examine whether phosphorylation near the NLSs
promotes CDC-6 nuclear export, we generated a phos-
pho-specific antibody against the threonine-131 CDK
phosphorylation site (Figures 2A and 2B). An anti-phos-
pho-T131-CDC-6 signal was not detected in wild-type
V1–V6 seam cells before S phase, but it was observed
in both the nucleoli and cytoplasm of S phase seam cells
(Figure 2C). This indicates that at least a subset of CDC-
6 that undergoes nuclear export is phosphorylated on
position T131. Within the nucleus, the obvious nucleolar
anti-phospho-T131-CDC-6 signal contrasted with the
more uniform nuclear signal observed with the CDC-6
antibody, suggesting either that a higher percentage of
nucleolar-localized CDC-6 is phosphorylated on the
T131 site or that the phosphorylation of T131 induces nu-
cleolar localization. In contrast to wild-type larvae, an
anti-phospho-T131-CDC-6 signal was not detected in
cul-4(RNAi) larvae during S phase, indicating that CUL-
4 is required for the phosphorylation of T131 (Figure 2C).
Phosphorylation of Multiple CDK Sites Is Required
for CDC-6 Nuclear Export
To determine the functional relevance of CDC-6 phos-
phorylation, we expressed CDC-6::GFP with potential
N-terminal CDK phosphorylation sites replaced by un-
phosphorylatable alanines. All of the CDC-6::GFP CDK-
site mutants had normal nuclear localization in G1 phase
(Figure S4; data not shown).
Single mutations of T48, S93, T131, and T145 each
caused the partial retention of CDC-6::GFP in thenucleus during S phase, with the T145 mutation having
the greatest effect (Figure 2E). Combining T48, S109,
T131, and T145 mutations gave approximately the same
translocation rate as the T145 mutation alone (Figure 2E).
However, mutation of all six N-terminal CDK phosphor-
ylation sites (CDC-6mCDK) completely blocked translo-
cation during S phase (Figure 2E, Figure S4). This implies
that the phosphorylation of multiple sites is required
for CDC-6 nuclear export. No obvious defects in DNA
replication or cell-cycle progression resulted from ex-
pression of the constitutively nuclear-localized CDC-
6mCDK or CDC-6mNES+2NLS proteins, suggesting
that continuous CDC-6 nuclear localization does not, by
itself, deregulate DNA replication.
CDC-6 Nuclear Export Is Independent of CDT-1
Degradation
Cdt1 and Cdc6 physically interact in fission yeast and
mammals [19, 20]. This raises the possibility that CDT-1
degradation functions as a necessary precedent for
CDC-6 nuclear export, perhaps by allowing kinases to
gain access to CDC-6 phosphorylation sites. To address
whether the nuclear retention of CDC-6 in cul-4(RNAi)
animals is a secondary consequence of CDT-1 perdur-
ance, we asked whether the expression of a nondegrad-
able CDT-1 prevents CDC-6 nuclear export in a wild-type
background.
Human Cdt1 can be stabilized during S phase by the
mutation of CDK phosphorylation sites and the pro-
liferating cell nuclear antigen (PCNA)-binding PCNA-
interaction protein motif (PIP)-box sequence [8, 11]. To
stabilize C. elegans CDT-1, we substituted alanines for
three conserved PIP-box residues and five N-terminal
CDK phosphorylation residues to create the CDT-
1mCDK+PIP3A mutant (Figure S5A). CDT-1mCDK+
PIP3A::GFP was present in 83% of S phase seam cells
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(A) Schematic representation of human and C. elegans CDC-6 orthologs. Potential CDK phosphorylation sites are shown as black bars labeled S
(serine) or T (threonine); NLSs are shown as yellow boxes (the first C. elegans NLS is bipartite, and the next two are simple NLSs [36]); and Walker
A and B domains are shown as green boxes (these are required for the loading of Mcm2-7 onto chromatin [37]). In humans, the phosphorylation
of S54, S74, and S106 (red) near the two N-terminal NLSs is required for Cdc6 nuclear export [9, 10]. C. elegans CDC-6 has two consensus CDK
sites (S/T-P-X-K/R; purple lettering) and seven minimum CDK phosphorylation sites (S/T-P; blue) [38]. Six of these potential CDK phosphoryla-
tion sites are located near the NLSs. The scale bar represents 100 amino acids.
(B) Characterization of affinity-purified phospho-T131-CDC-6 antibody. The wild-type C. elegans lysate, either untreated (left lane) or treated with
l phosphatase (right lane), was analyzed by western blot. Note that phospho-T131-CDC-6 antibody recognized the endogenous CDC-6 protein
but could not recognize CDC-6 after treatment with phosphatase, thereby demonstrating specificity.
(C) CDC-6 T131 phosphorylation in wild-type and cul-4(RNAi) seam cells in G1 and S or G2 phases. Wild-type (top) and cul-4(RNAi) (bottom) larvae
were observed in G1 phase (upper panels) and in S phase (lower panels). Animals were stained with anti-phospho-T131-CDC-6 (green), DAPI
(blue), and anti-AJM-1 (red overlay).
(D) RNAi depletion of cki-1 in cul-4(gk434) restores the phosphorylation of CDC-6 in S phase. The staining is as in (C) for cul-4(gk434) (top) and
cul-4(gk434), cki-1(RNAi) (bottom) seam cells in S phase (180–195 min after hatch).
(E) Subcellular localization of wild-type and CDK-site-mutant CDC-6::GFP proteins expressed from the wrt-2 promoter. Serine and thre-
onine residues in the predicted N-terminal CDK phosphorylation sites were replaced by alanines, making the sites unphosphorylatable.
CDC-6::GFP localization in V1–V6 seam cells during S or G2 phase (180–225 min after hatch) is plotted on a continuum from nuclear lo-
calization to cytoplasmic localization. Numbers on the left of the graph indicate the serine or threonine residues replaced with alanine in
the mutant proteins. The panels to the right show epifluorescence images of CDK-site-mutant CDC-6::GFP proteins in V1–V6 seam cells
at 195–225 min after hatch. Numbers in the upper left corner indicate the serine or threonine residues replaced with alanine. In the
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969Figure 3. CUL-4 Regulates CDC-6 Nuclear
Export through a CKI-1-Dependent Pathway
(A) CDT-1 perdurance does not disrupt CDC-6
nuclear export. CDC-6::tdTomato is exported
in the presence of stabilized CDT-1::GFP at
195–210 min after hatch (S or G2 phase).
Pwrt-2::CDC-6::tdTomato (red) and Pnhr-
168::CDT-1mCDK+PIP3A::GFP (green) were
expressed in a strain that has ajm-1::GFP
(green) marking seam-cell boundaries.
(B) CKI-1 accumulates in enlarged cul-
4(RNAi) seam cells. L2-stage wild-type and
arrested L2-stage cul-4(RNAi) larvae were
stained with anti-CKI-1 (green) and DAPI
(blue). Arrows indicate seam cells.
(C) cki-1(RNAi) restores CDC-6 nuclear export
in cul-4(gk434) mutant seam cells. Pwrt-
2::CDC-6::GFP was observed in cul-4(gk434)
and cul-4(gk434), cki-1(RNAi) larvae at 195–
210 min after hatch (S or G2 phase). For both
genetic backgrounds, the expression of
Pwrt-2::CDC-6::GFP was nuclear during G1
phase (data not shown).
Scale bars represent 10 mm.(n = 18), indicating that the mutant protein is partially sta-
bilized during S phase (Figure S5B).
We observed that despite the presence of stabilized
CDT-1mCDK+PIP3A::GFP, CDC-6::tdTomato was still
exported to the cytoplasm during S phase, indicating
that CDC-6 nuclear export occurs independently of
CDT-1 degradation (Figure 3A). It should be noted that
the stabilized CDT-1 protein is functional and can pro-
mote DNA replication (see below).
cki-1 Inactivation Rescues CDC-6 Nuclear
Export in cul-4 Mutants
We have found that CUL-4 negatively regulates the level
of the CDK inhibitor CKI-1, with CKI-1 accumulating
in cul-4(RNAi) rereplicating cells (Figure 3B) [7]. cki-1
RNAi reduces the size of nuclei and DNA levels in
cul-4(gk434) seam cells, indicating suppression of the
cul-4 rereplication phenotype (Figure S6A) [7]. cki-1
RNAi does not affect the accumulation of CDT-1 in
cul-4(gk434) mutants, indicating that the prevention
of rereplication is independent of CDT-1 accumulation
[7].
We hypothesized that CUL-4 promotes CDC-6 nuclear
export by negatively regulating CKI-1 levels and that
CKI-1 accumulation in cul-4 mutants prevents CDK(s)
from phosphorylating CDC-6 to induce translocation.
To test this model, we investigated the localization of
Pwrt-2::CDC-6::GFP in cki-1(RNAi), cul-4(gk434) mu-
tants. CDC-6 is predominantly nuclear localized during
S phase in 73% of cul-4(gk434)mutant V2–V6 seam cells
(n = 30) (the failure to observe full penetrance for nuclear
localization is likely the effect of cul-4 maternal product
[5]). The RNAi depletion of cki-1 in the cul-4(gk434)
mutant significantly increases the percentage of seam
cells with cytoplasmically localized CDC-6::GFP (83%
[n = 29], versus 27% with no RNAi [n = 30]), indicatingthat CKI-1 is required for CDC-6 nuclear retention in
cul-4 mutants (Figure 3C).
A prediction of the model is that cki-1(RNAi) will
restore the phosphorylation of CDC-6 in cul-4(gk434)
mutants during S phase. The status of CDC-6 phosphor-
ylation was assessed by immunofluorescence with
phospho-T131-CDC-6 antibody. In S phase, an anti-
phospho-T131-CDC-6 signal was detected in a relatively
small percentage of cul-4(gk434) seam cells (33% [n =
30], versus 80% for the wild-type [n = 41]) (Figures 2C
and 2D). However, cki-1RNAi in cul-4(gk434)mutants in-
creased the percentage of seam cells with phospho-T131
signal to the wild-type level (82% [n = 45]) (Figure 2D). If
cki-1 RNAi induces CDC-6 nuclear export in cul-4 mu-
tants by permitting CDC-6 phosphorylation, then non-
phosphorylatable CDC-6mCDK should not undergo nu-
clear export in cki-1(RNAi), cul-4(gk434) seam cells, and
this lack of nuclear export was observed (47/47 nuclear
localized) (Figure S6B). These results indicate that CKI-1
is essential for the prevention of CDC-6 phosphorylation
in cul-4 mutants.
Deregulation of Both CDT-1 and CDC-6
Can Induce Rereplication
We investigated the biological significance of CDT-1
degradation and CDC-6 nuclear export by overexpress-
ing wild-type and deregulated proteins with the heat-
shock promoters hsp16-2 and hsp16-41 [21]. Wild-type
CDT-1 and CDC-6, or stabilized CDT-1 (CDT-1mCDK+
PIP6A) and nonexportable CDC-6 (CDC-6m5CDK), were
expressed individually or in combination (Figure 4A).
Heat-shock expression of individual deregulated CDT-
1 or CDC-6 produced higher levels of lethality (embry-
onic- or L1-stage arrest) than did wild-type proteins (Fig-
ure 4A). Combinations of CDT-1 and CDC-6 produced
more lethality than individually expressed proteins.CDC-6m48.131.145 image, an inset shows a longer exposure of the V6 seam cell, whose expression was too weak to view with the nor-
mal exposure.
Error bars represent the standard error of the mean (SEM). See Experimental Procedures for the number of cells analyzed. Scale bars represent
10 mm.
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(A) Graph of viability upon overexpression of wild-type or deregulated CDT-1 and CDC-6 transgenes. ‘‘CDT-1 WT’’ and ‘‘CDC-6 WT’’ are wild-type
genes, ‘‘CDT-1 mut’’ is CDT-1mCDK+PIP6A, and ‘‘CDC-6 mut’’ is CDC-6m5CDK. Each gene was expressed under the control of both the
hsp16-41 and hsp16-21 heat-shock promoters. Embryos from injected hermaphrodites were incubated at 25C (a semipermissive temperature
for hsp expression [39]) and heat shocked for 30 min at 33C 12 hr prior to harvest. The percentages of viable progeny are listed to the right of
each bar in the graph.
(B) Expression of nondegradable CDT-1 and nonexportable CDC-6 induces DNA rereplication. Epifluorescence images of a wild-type embryo
and transgenic embryos expressing either CDT-1mCDK+PIP6A plus wild-type CDC-6 or CDT-1mCDK+PIP6A plus CDC-6m5CDK. Animals
were stained with DAPI (blue) and anti-SPD-2 (red), the latter of which highlights centrosomes [23]. Arrows indicate pairs of centrosomes in cells
with increased DNA content (the cell on the left has 13.9C DNA content, and the cell on the right has 11.1C). The scale bar represents 10 mm.However,w100% lethality was obtained only when de-
regulated CDC-6 was combined with either wild-type
CDT-1 or deregulated CDT-1 (Figure 4A).
Increased nuclear DNA levels were observed in 47%
(n = 36) of embryos expressing nonexportable CDC-6
with stabilized CDT-1 (21.5 6 2.4C DNA content [n =
63], versus 2.4 6 0.3C [n = 13] for wild-type embryonic
interphase cells) (Figure 4B). In contrast, other combi-
nations of wild-type and/or deregulated CDT-1 and
CDC-6 did not produce noticeably increased DNA
levels (Figure 4B; data not shown). Increased DNA con-
tent can arise either from rereplication, in which DNA
replication initiates continuously during S phase, or
from failed mitosis, in which cells with duplicated ge-
nomes re-enter the cell cycle without DNA segregation.
These two mechanisms can be distinguished by analy-
sis of centrosome numbers. Cells that undergo failed
mitosis have extra centrosomes because centrosomes
will duplicate in the subsequent cell cycle, whereas
rereplicating cells that undergo S phase arrest have
only two centrosomes [22]. We analyzed centrosome
numbers with SPD-2 antibody, which stains centrioles
[23]. We observed that cells with excessive DNA levels
had only two centrosomes, implying that the increased
ploidy arises from rereplication (Figure 4B). Therefore,
the stabilized CDT-1 and nonexportable CDC-6 are
functional and can act in concert to induce DNA
rereplication.Discussion
CDC-6 Phosphorylation-Dependent Nuclear Export
Prevents DNA Rereplication
We found that C. elegans CDC-6 is exported from the
nucleus during S phase, similar to vertebrate Cdc6
[1, 2, 14], suggesting that this is an ancient regulatory
mechanism. Further, our study indicates that the strat-
egy to trigger Cdc6 nuclear export is also conserved,
with the phosphorylation of multiple CDK sites used to
inactivate N-terminal NLSs in both C. elegans and verte-
brates. InC. elegans, all six N-terminal CDK sites must be
phosphorylated to promote CDC-6 nuclear export. Inter-
estingly, the phosphorylation of T131 is associated with
both nuclear export and nucleoli localization. This sug-
gests the possibility that the phosphorylation of a subset
of sites, although not sufficient to induce nuclear export,
can direct CDC-6 to specific subnuclear locations.
In humans and Xenopus, ectopically expressed Cdc6
is completely exported from the nucleus during S phase;
in contrast, a substantial fraction of endogenous Cdc6
remains nuclear localized during S phase [9–13]. Strik-
ingly, we observed a similar result in C. elegans, with
a substantial fraction of endogenous CDC-6 remaining
in the nucleus during S phase, whereas ectopically
expressed CDC-6 appears exclusively cytoplasmic.
The reason(s) for these differential localizations are not
understood.
CUL-4 Promotes CDC-6 Nuclear Export
971The presence of nuclear-localized Cdc6 during S
phase in mammalian cells has led to the proposal that
Cdc6 translocation is not important for restraining
DNA-replication licensing [1, 2, 14]. Further, there is cur-
rently no evidence for a functional role of Cdc6 translo-
cation in preventing rereplication [1, 2, 14]. In this study,
we observed that nonexportable CDC-6 can synergize
with deregulated CDT-1 to induce rereplication. This im-
plies that CDC-6 translocation is a redundant safeguard
to prevent the reinitiation of DNA replication. This pro-
vides the first evidence in any organism of a functional
role for phosphorylation-dependent CDC-6 nuclear
export.
Deregulation of Both CDC-6 and CDT-1 Is Required
for Rereplication
In S. pombe, the overexpression of the Cdc6 ortholog
(Cdc18) is sufficient to induce significant rereplication
[24]. In contrast, overexpression of Cdc6 does not
induce rereplication in S. cerevisiae, Drosophila, or
humans [25–27]. In humans, co-overexpression of wild-
type Cdt1 and Cdc6 in cells that lack a cell-cycle check-
point produces only modest rereplication in a subset of
cells [27].
We observed that coexpression of nondegradable
CDT-1 and nonexportable CDC-6 produced significant
rereplication in a subset of early-stage C. elegans em-
bryos. In contrast, overexpression of combinations of
deregulated and wild-type CDT-1 or CDC-6 did not in-
duce rereplication. This indicates that redundant regula-
tion of CDT-1 and CDC-6 prevents rereplication. We did
not observe rereplication in every embryonic cell ex-
pressing deregulated CDT-1 and CDC-6. This suggests
that there might be additional mechanisms that act in
the early embryo to limit rereplication.
The expression of combinations of wild-type and de-
regulated CDT-1 and CDC-6 produced an embryonic le-
thality that was not associated with increased DNA
levels. The cause of this lethality is unclear, but it might
arise from changes in DNA-replication timing, which is
known to produce embryonic arrest [28].
CUL-4 Regulates Both CDC-6 and CDT-1
Replication-Licensing Factors
Inactivation of CUL-4 produces dramatic levels of rere-
plication that are associated with a failure to degrade
CDT-1 [5]. However, overexpressing Cdt1 in fission
yeast does not induce rereplication, and overexpressing
human Cdt1 several-log-fold higher than the endoge-
nous protein produces only modest rereplication in
a subset of cells [27, 29, 30]. Given the negligible or lim-
ited effects of greatly overexpressing Cdt1 in other or-
ganisms, it was hard to reconcile the substantial rerepli-
cation associated with merely failing to degrade CDT-1
during S phase in cul-4(RNAi) animals.
Our work reveals that the CDC-6 replication-licensing
factor is also deregulated in cul-4(RNAi) animals. CDC-6
remains nuclear throughout S phase in cul-4(RNAi) ani-
mals, and this is correlated with a failure to phosphory-
late CDC-6 on CDK sites. CUL-4 negatively regulates the
levels of the CDK inhibitor CKI-1 [7]. The negative regu-
lation of CKIs of the CIP/KIP family by CUL-4 is con-
served in Drosophila and humans [31–33]. cki-1 RNAi
suppresses rereplication in cul-4 mutants withoutaffecting CDT-1 accumulation [7], indicating that CKI-1
is independently required for the induction of rereplica-
tion. Significantly, the presence of CKI-1 is required for
the block on CDC-6 phosphorylation and nuclear export
in cul-4(gk434) cells. Our results suggest that CUL-4
promotes CDC-6 nuclear export by negatively regulat-
ing CKI-1 levels, thereby allowing CDK(s) to phosphory-
late CDC-6 and induce its nuclear export. The evidence
that CDK(s) are the relevant kinases is that CDC-6
is phosphorylated on CDK consensus sites and the
phosphorylation is blocked by a CDK inhibitor. In yeast
and mammals, CDK activity prevents rereplication, and
siRNA codepletion of CDK1 and CDK2 in human cells in-
duces limited rereplication [1, 3, 34]. Our results suggest
that in metazoa, Cdc6 is one of the critical targets of
CDKs for preventing rereplication. Our work further indi-
cates that CUL-4 is a master regulator that restrains
DNA replication through two independent pathways:
mediating CDT-1 degradation and promoting CDC-6
nuclear export via the negative regulation of CKI-1.
Supplemental Data
Experimental Procedures and six figures are available at http://
www.current-biology.com/cgi/content/full/17/11/966/DC1/.
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